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ABSTRACT

The Ships Parts Control Center (SPCC) Uniform Inventory

Control Program (UICP) wholesale replenishment model for 1H

cognizance symbol (consumable) material is an order quantity-

reorder level or (Q,r) model. A stocked item's order quantity

and reorder level are established in large part by the unit

price and procurement lead time forecasted for it. When a

replenishment is needed, the order quantity is specified and

the procurement officer requests bids from vendors. These

bids include both a unit price and an estimate of production

lead time. The thesis examines the impact of differences

between the forecasted and actual values for lead time and

price on the optimum total annual cost of stocking the item as

computed by the UICP model. A modification of the model for

comparison of the total annual cost associated with the lead

*- time and price combination of each vendor bid is developed.

Some expected effects of implementing the model are discussed

and areas requiring further research are identified.
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i. INTRODUCTION

A. BACKGROUND AND PURPOSE

The Navy's Uniform Inventory Control Program (UICP) sets

optimum inventory levels for SPCC managed 1H cognizance sym-

bol items based on minimization of the average annual

variable cost of stocking those items. The UICP model was

developed from traditional continuous review lot size -

reorder point models for stochastic demands and no quantity

price discounts, and thus does not include the average

annual cost of purchasing the items in its inventory cost

equation. Because the purchase costs of the items make up

a significant portion of the total annual cost of stocking

them, reductions in the "optimal" cost may in fact be pos-

ible. In particular, total cost savings may be realized

from a reduction in the purchase cost of an item, even though

that reduced price is associated with some increase in vari-

able inventory costs.

That method of reducing total costs is addressed by

classic price break models, such as those found in Chapter 2

of Hadley and Whitin [Ref. 1], which do include the purchase

costs. Project EOQ [Ref. 2] resulted in the implementation

of such a model within the Air Force wholesale supply system.

All of those price break models consider unit cost as a

7



function only of the order quantity and do not consider any

relationship between unit price and procurement lead time.

Hadley and Whitin [Ref. 3] have developed a model for

negotiated procurement lead times in which the item's price

is assumed to be a function of both the purchase quantity and

procurement lead time. It is assumed that the unit price

offered by the vendor increases a2 lead time decreases, and

a given price is applicable over a lead time interval. The

solution algorithm is to select the maximum lead time assoc-

iated with each unit price - the vendor is assumed to always

deliver at the end of a lead time interval - then solve for

the optimum order quantity and reorder quantity and assoc-

iated total cost. The unit cost, and hence the lead time

interval, with the lowest associated total cost is then

selected.

Negotiation of lead time based on total inventory costs

is not part of the current procurement process, however.

The current practice at the Navy's Inventory Control Points

is to treat the inventory management and procurement func-

tions as unrelated activities even though they are, in fact,

The model uses a number of simplifications in its
solution algorithm which are not acceptable in the UICP
model, including deleting backorders from the holding cost
term when taking partial derivatives of total cost with
respect to the decision variables, and not assigning a time
weighting to backorder costs.

8
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key parts of a single supply system, sharing the goal of

maximum fleet support within annual budget constraints.

Reorder levels and order quantities are set on the basis

of minimizing variable costs. Then vendor bids are requested

and evaluated principally on unit price (subject to a requir-

ed delivery date constraint). The UICP model uses the

prices and lead times resulting from the procurement actions

to update its data base for calculating inventory levels. It

seems likely that integration of the two system functions

can produce savings in the inventory costs currently

incurred.

This thesis will attempt to modify the UICP model to

provide more information to integrate the inventory manage-

ment and procurement activities and to minimize the total

expenditure of Navy dollars required to stock consumable

items. In particular, it will examine the impact of varying

combinations of unit price and procurement lead time on
b -4

total costs predicted by the UICP model to determine what

savings are possible and how to achieve them.

B. THESIS OBJECTIVES

To devclop a management tool for use by procurement

personnel which will permit evaluation of vendor bids on the

basis of their impact on variable inventory costs in addi-

tion to the current procedure of ranking them on the basis

of lowest unit price and ability to meet a required delivery

9
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date. The management tool will emphasize speed and ease of

use with minimal requirement for computer or calculator

equipment.

C. APPROACH

The relationships between variables and their effect on

predicted inventory costs in the UICP consumables procurement

model will be examined through a computer program which will

first duplicate the UICP (Q,r) solution process, then incre-

mentally change the variables of interest and compute the

resulting inventory costs. Unit price and procurement lead

time will be the variables of principal concern. However,

the sensitivity of the cost predictions to errors or varia-

tions in other variables will also be examined.

D. SCOPE AND LIMITATIONS

The stock procurement process will be examined at the

point where the buy quantity and required delivery date have

been determined and vendor bids have been solicited but no

contract awarded. The examination will evaluate a model for

reducing total inventory costs for a stocked item which

provides inventory cost information to purchasing personnel

for comparison of the total costs associated with each

vendor's bid.

The UICP inventory model for SPCC managed 1H cognizance

symbol (consumable) material will be utilized as the basis

for developing the thesis model. The repairable item and ASO

10



consumable item models contain additional constraints and/or

cost equation variables that will not be addressed in the

thesis. For simplicity in programming and to keep the scope

to manageable size, only items having sufficient average

demand quantities such that heir lead time demand quantities

can be assumed to be normally distributed are considered.

Slower moving items with Poisson or negative binomial dis-

tribution of lead time demand can be similarly analyzed with

appropriate changes in the sections of the computer program

which calculate the reorder level and the expected number of

backorders. Since current procurement procedures do not

solicit competitive lead times, the variations in lead time

(and unit price) between bids for sample items in the thesis

are not based on historical data.

E. THESIS FORMAT

Chapter II will present a brief overview of the current

UICP consumables procurement model to establish the basis for

the modification of the model presented in Chapter III.

Model assumptions, limitations, and the total expected annual

variable cost (TVC) equation and its optimization methodology

will be discussed.

Chapter III will present the bidding modification of the

UICP optimization method. The modification will add the

expected annual purchase cost of an item to the UICP's TVC

equation to produce a total expected annual cost (TC)

W[1



caused by the non-optimality of the given Q and R for those

C and L pairs.

For example, suppose that the unit price is the same in

the UICP model forecast and the vendor's bid. A bid lead

time which is shorter than the L used to calculate Q and R

will produce higher holding costs because the R is now too

high, and thus the expected on-hand quantity does not drop as

low as expected by the UICP model before the new order

arrives. However, the stockout costs will be lower because

of this higher average on-hand quantity. A bid lead time

which is longer than forecasted lead time will have the

opposite effect on holding and stockout costs.

The effect of lead time on the total cost terms when

unit price is held constant for a typical item is shown

2
graphically in Figure 1. The first of two major e.ffects on

total cost from holding Q and R constant while permitting

L to vary is seen on the figure. The minimv.m TC does not

occur at the forecasted lead time (100% on the horizontal

'The same item will be used for all figures in the
thesis. Its characteristics are given in Section F of
Chapter III.

2
The shape of the backorder cost and total cost curves

may vary considerably from the examples in Figure 1. See
Chapter IV for cost component/cu~ve sensitivity to item
characteristics in the cost equation. Also, all curves are
not as smooth as depicted in the thesis figures, because
procurements are made for discrete integer vice "continuous" -

quantities. The lack of smoothness is consistent for each
item and does not effect the curve comparisons triat will be
made.
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used in developing the variable cost terms of the UICP's TVC

equation (the calculation of B in particular) remain valid

even though the expected number of backorders and the portion

of cycle length during which they occur will both increase

substantially because of stock drawdown for bidder procure-

ment lead times which are longer than that used to determine

Q and R.

C. THE TOTAL ANNUAL COST EQUATION

Addition of the average annual purchase cost term (C'4"D)

to the UICP's TVC equation produces a total annual cost equa-

tion which will permit consideration of both item manager and

purchasing agent concerns and emphasize reducing the total

expenditure of Navy dollars. These expected annual total

costs to be minimized are given by:

A'4"D A E E k B -

TC = C4D + + I'C( + L'D + B) + E"
Q 2 S

The proposed solution technique which will be detailed

later in this chapter begins by solving for the Q, R, and

optimum TC associated with the forecasted C and L values by

utilizing current UICP procedures. The model then determines

other combinations of C and L which will produce that same

TC (or one which is a given increment larger or smaller than

that value) given those Q and R values. Numerous C and L

pairs can produce that same TC because of the compensating

impacts on the individual cost terms of the TC equation

24
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equation. At this later point in time during the stock

replenishment cycle, R must have been reached, or the procure-

ment process would not have been initiated. Additionally,

the procurement personnel would not have changed the value of

Q that had been previously determined. Unit price and

procurement lead time, however, are dependent on the vendor

bids which are received as a result of the solicitation.

Furthermore, the procurement personnel can select the winning

bid based on the lowest total annual cost associated with

its price and lead time values (given all other contractual

specifications are satisfied) rather than just lowest unit

price.

B. ASSUMPTIONS

The following are assumed in addition to the assumptions

listed in Chapter II for the current UICP model:

(1) MADL is independent of the expected value of lead

time, permitting the same value to be used in computing PPV

for different lead times. That is, deviations in lead time . -

from the expected value are assumed to be the same for all

bid lead times.

(2) Variations in unit price between bids will not

change the total purchase cost (C.Q) so drastically that the

administrative cost breakpoint will be crossed; ie, the

administrative order cost (A) will not change.

(3) The simplification and approximation techniques

23



III. THE PROPOSED MODIFICATION OF THE UICP MODEL

A. DEVELOPMENT OF THE MODIFICATION

The modified model concentrates on the stock procurement

process after inventory levels have been set by the current

UICP model. It assumes that a buy has been triggered by the

fact that inventory position has dropped below the reorder

point, and as a result, the item manager has passed the

requirement for the buy quantity of the item as well as its

required delivery date to the procurement section. At this

point the purchase order has not yet been awarded to the

item's manufacturer or wholesaler.

It is important to emphasize that the current UICP model

considers the role of the procurement section only indirect-

ly, using the unit price and lead time obtained from the

previous buy to update its forecasts for the next review and

level revision. The model needed for making procurement

decisions makes use of the UICP total variable cost model;

only now it also includes the item's purchase cost. Since

the unit price is a prime consideration for procurement

personnel in awarding the purchase order, the purchase cost

term is critical to cost minimization at this stage in the

process.

In addition, Q and R are now assumed fixed, while C and

L are the decision variables in minimizing the total cost

22



result in a non-optimum solution if unit cost and

procurement lead time are decision variables in selecting

the best vendor bid. Procurement lead time is currently

only a constraint on the lowest unit price bid in that the

RDD must be met. Reduction in the expected average annual

total cost of stocking an item from that predicted by the

"optimum" UICP solution is possible because negotiated

variations in unit price and lead time can result in savings

in some variable cost elements and/or purchase cost which

outweigh increases in other variable cost elements.

21



-. -. o--i. ; -- , ._o ° , - , . -. -. , . .- • - .-- ,.-.- - ,r-. v-

E. LIMITATIONS OF THE TVC COST MINIMIZATION METHOD

Because the average annual variable costs are based on

historical unit price and procurement lead time data, the UICP

model does not take into account that control over those two

variables is possible during the procurement process. Price

is in fact not a constant nor is lead time a random variable

in a competetive bidding environment where the result is

a contract which specifies the values of these two

variables.

In other words, the UICP model treats C and L as known

values, and proceeds to solve for Q and R. However, when

the procurement section proceeds to solicit bids on the

purchase order, Q is fixed and R has already been reached,

while C and L are unknown until the manufacturers' bids

are received. Additionally, the item manager is looking

at only variable inventory costs, while the purchasing

agent is primarily concerned with the purchase cost. The

purchase contract is awarded to a "responsible contractor"

who offers the item at a "fair and reasonable price"

[Ref. 6] which generally means obtaining the material at

the lowest bid price among the vendors who can meet the

required delivery date along with the other contractual

requirements.

It will be shown in the development of the model

modification in the next chapter that the lack of an average

annual purchase cost term in the UICP's TVC equation may

20



EBO < Q P
out

where

EBO /PV pv4j-.Z] R + - Z} +

R + Z]44I R + Z} - R;Z]44 Rp Z}]

P > .01 for all itemsout -:i
Pout< .99 for category C items (further constrained

to .50 in setting Q)

< .40 for category B items

< .30 for category A items

Q mi max (D; 1; Q)

0
Numerical Stocking Objective (NSO)
Mean lead time demand (Z) =max { Z + D"?.
min max (R, number of policy receivers)

4"D'H + Z - D

= mi 4D'H - max (0; R - Z)

This algorithm obviously assumes that demand during

procurement lead time is normally distributed.

19



7 t . W 1 ;7M"

4(x) = density function for the standard normal
distribution.

(x) = complementary cumulative density function
for the standard normal distribution, or the
probability that a random variable having
that distribution will have a value greater
than x.

P out= the fraction of the average cycle length
that the system is expected to be out of

stock at any random point in time.

PPV = procurement problem variance - the expected
variance in lead time demand, derived from -

the mean values and variances of quarterly
demand and procurement lead time.

Z = "procurement problem variable" or mean lead time
demand.

2. Relationships Used in Optimization

S 1 *Crout S'I'C + X'E

= I*C( - Pout )

B u tp)2 .6 %

EBO =QP

*2 2 21PPV = L(1.57 MADD2) + D (1.57 MAD)
D L

R is determined using an iterative algorithm which -2
seeks the smallest R such that the expected number of back-

orders is less than or eq~al to Q'P (where the is usedout

to denote constrained values), or mathematically:

For Mark code 4 items (DC > $75, D > 5 units).

18



(9J = average number of procurement actions or
inventory cycles per year.

(R + -LD + B expected number of units in
2 stock at any random point in

time (average on-hand inventory

level).
B

- expected number of requisitions on backorder atS
any random point in time.

D. OPTIMIZATION AND KEY VARIABLE RELATIONSHIPS

As with other inventory models, the UICP cost equation

is minimized by taking the partial derivatives of TVC with

respect to the decision variables, Q and R, and setting them

equal to zero. Unfortunately, the results are two complex

equations in Q and R. Appendixes B, C, and D of Reference 5

treat in detail the Navy's development of the computational

methods used in solving these two equations. The additional

variables and parameters needed to solve the equations and

some key relationships developed in that reference are

provided below.

1. Definitions

EBO = expected number of backorders at the end of
the inventory cycle (just before the new order
arrives).

H = item shelf life.

MAD = mean absolute deviation of quarterly demand
for item; forecasted from historical demand

data.

MADL mean absolute deviation of procurement lead
time; forecasted from prior procurement

actions.

17
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I. Notation

TVC = total variable costs of one stocked item per
year.

D = expected or average number of units demanded per
quarter; forecasted from historic demand quan-
tities and trends.

Q = order quantity.

A = administrative cost of a procurement action;
equal to $380 for purchases under $8,000, $1,050
for negotiated contracts (over $8,000), and
$1,080 for advertized contracts (over $8,000).

R = reorder level (based on inventory position, not
stock on-hand).

L = procurement lead time (mean value forecasted
from past procurement actions).

B = expected number of units backordered at any ran-
dom point in time (a function of Q and R).

I = inventory holding cost rate, composed of storage,
obsolescence, and opportunity costs as percen-
tages of unit cost for storage for one year
(equal to .23 for consumable items).

C = unit cost of the item.

S = expected number of units demanded per customer
requisition.

X shortage cost of one requisition backordered
for one year. Currently set at $1,500 for
category A (formerly IHOl and 1H02 cog) items,
$1,000 for category B (formerly IH03 cog) items,
and $500 for category C (formerly lHbb cog)
items.

E = military essentiality of the item, currently set
at 0.5.

"The same notation will be used in the modified model
developed in Chapter III.

16



(5) The time-weighted cost of a backorder for an item

can be accurately quantified for determining stockout costs.

Although this value (lambda) is actually determined from

budget and supply material availability (SMA) constraints,

for computational and analysis purposes lambda will be

assumed to accurately represent actual stockout costs.

(6) The military worth (essentiality) of an item can

be accurately quantified, as required for the determination

of stockout costs. Essentiality is currently fixed at 0.5

for all items by SPCC.

(7) No interaction exists between items. Each item's
1k1

order quantity and reorder point can be determined indepen-

dently of other items. Similarly, total inventory costs for

a group of items can be determined by adding the indepen-

dently computed costs for each item.

C. TOTAL VARIABLE COST EQUATION

The UICP total average annual variable cost equation is

presented below, with the first term representing the order

cost, the middle term the holding cost, and the last term

the backorder cost.

TVG = jA + IC (R + -LD + B} +

15
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essentiality or worth of the item. The average annual cost

of the items procured (unit price multiplied by average

annual demand) is considered a fixed cost independent of the

decision variables and is not considered in the model.

B. ASSUMPTIONS

The following assumptions apply to the UICP model.

These assumptions will also be used in the modification of

the model which is developed in Chapter III.

(1) Steady state environment - The mean and standard

deviation of the random variables, quarterly demand and

procurement lead time, are assumed constant over all future

time.

(2) No quantity price discount - The unit price is the

same regardless of the number of units in an order. A

price-break subroutine is contained in the UICP implementa-

tion but it is not used at present.

(3) Instantaneous reorder - Replenishment orders are

placed immediately after the inventory position drops below

the reorder level. Although a practical impossibility, the

actual time delay is compensated for by including the assoc-

iated administrative lead time as part of the procurement

lead time.

(4) The cost to hold one unit of stock is proportional

to the unit price of the item (currently set at 23% of the

unit price per year).

14
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II. THE CURRENT UICP MODEL

A. GENERAL DESCRIPTION .F THE MODEL

The Navy's Uniform. Inventory Control Program (UICP)

wholesale consumables model, used to set inventory levels

for SPCC managed 1H cognizance symbol items forms the basis

for the model developed in this thesis. The model seeks

"to minimize the total of variable order and holding costs

subject to a constraint on time-weighted, essentiality-

weighted requisitions short" in compliance with Department

" of Defense policy [Ref. 4]. The average annual total var-

iable cost (TVC) equation used contains three main terms:

an ordering cost term, or average number of orders per year

times the administrative cost to place an order; a holding

cost term, or the average number of units on hand at any

random point in time multiplied by the cost to hold a unit

in stock for a year; and a shortage cost term, consisting of

the average number of requisitions backordered at any

random point in time multiplied by the cost incurred by

not filling a requisition for a year times the military

[The UICP cost equation and solution algorithm is
similar to other continuous review stochastic models having
decision variables of order quantity and reorder point,
called (Q,r) models. Chapter 4 of Hadley and Whitin [Ref. 11
should be reviewed if a more detailed description of inven-
tory models of this type is desired.

13
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- .

equation. This equation will then be examined by adjustment

of unit price and lead time to reflect the role of the

competitive bidding process in controlling inventory costs.

The modified model's development -ill be illustrated graph-

ically, the solution algorithm will be detailed, and a

management tool for determining lowest cost vendor bids

presented.

Chapter IV will discuss the impact of the timing of

reorder level and order quantity recomputations on the opti-

mum bid lead time for lowest total annual cost, the

applicability of the bid evaluation tool to items with dif-

fering characteristics (such as demand or unit price), and

the impact of using longer lead times to reduce total costs

on SMA.

Chapter V will provide a summary of the chapters and

present conclusions regarding the value of the management

tool, applicability of the bidding model, and further

research required on the model.

12
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axis) but rather at a lead time between 25 and 50 percent

longer.

The effect of unit price on the total cost terms wht n

lead time is held constant at the forecasted value is shown

graphically in Figure 2 for the same example item used in

Figure 1. For any given lead time, a higher unit price will

produce a higher purchase cost, a higher holding cost and

thus higher TC. The impact of unit price is linear unlike

the more complex impact of lead time.

Figure 3 shows the combined impact of unit price and

lead time as curves of total cost versus lead time for

successive increments of unit price are plotted. Each curve

retains the shape from Figure 1, and the increasing unit

price shifts each successive curve upward. Cutting the

curves horizontally with an isocost line (equal to the TC

value calculated when Q and R were determined) shows a second

major effect of shifting from Q and R to C and L as decision

variables. Unlike the unique Q and k solution for a given

C and L, a wide variety of C and L combinations will produce

the same total cost. Unfortunately, using Figure 3 to accu-

rately determine the total cost associated with a bid's unit

price and lead time is difficult, because the vertical axis

represents total cost (which is to be determined) rather

than unit price (which is known). Additionally, if a bid's

unit price is not equal to one of the graphed increments

27
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of C, the varying distance between the cost curves as lead

time varies makes interpolation of the associated total cost

difficult.

D. COMPARISON OF THE TOTAL COSTS ASSOCIATED WITH BIDS' (C,L)
POINTS

To more easily compare the total costs associated with

the prices and lead times in vendor bids, a graph of a con-

stant total cost curve as a function of unit price and lead

time can be used. Figure 4 shows the isocost curve consist-

ing of (C,L) pairs which produce the same total cost as that

predicted by the UICP model when Q and R were determined.

The rise in the isocost curve as lead time increases, and

the location of its maximum point, parallel the decline and

minimum point of the total cost curves in Figure 3.

This crve permits a quick comparison of bids since

each bid's (C,L) point can be compared with the others. For

example, a point lying above the curve represents a higher

total cost than that predicted when the inventory levels

were set and a point lying below the curve represents a lower

total cost than that predicted.

Plotting isocost curves in Figure 5 for values of TC

that are 10% larger or smaller than the predicted value shows

that the curve shape does not vary with TC, but that the

vertical distance between curves over lead time does.

This is shown more clearly in Figure 6 which plots the ver-

tical distance, or unit price difference, over lead time

30
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between two adjacent isocost curves in Figure 5. It can be

seen that at a lead time which is 25% of the predicted

length less than a 9% change in unit price will generate a

10% change in predicted total cost, while at a lead time

175% of the predicted length a change in unit price of

approximately 14% is required for the same total cost change.

This non-uniform and nonlinear vertical scale means that

comparison of bid (C,L) points both lying above or below the

line cannot be made by simple measurement of their vertical

distance from the referen e isocost curve in Figure 4.

Plotting several isocost curves for small incremental

changes in the predicted total cost provides the required

detail for comparison of the bid points. Figure 7 shows

curves at 2% total cost increments above and below the pre-

dicted total cost value curve. Points A, B, C, D, E, and F

represent the (C,L) values for six hypothetical bids.

Bid A has a unit price only 93% as large as the predicted

C, and a lead time only 80% as long as the predicted L but,

if chosen, it should give the same total cost as predicted

by the UICP model. Bid B will result in the highest total

cost among the six bids, as its 1% higher-than-predicted

price and 20% shorther-than-predicted lead time are expected

to produce a TC that is 8% higher than predicted. Bid C has

an expected TC which is only 4% higher than predicted,

although its C at 103% is higher than B, because its L of

100% is also longer than B's. Bid D has the lowest expected

34
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TC among the bids as its 95% C and 115% L should produce a

TC that is 8% lower than predicted. Bid E's 102% and 130%

L produce a TC that is 4% lower than predicted. Bid F has

a slightly higher TC than Bid D despite being the lowest

point visually, as its 88% C and 155% L produce a savings

of 6% in TC.

The costs associated with these bids tend to defy

intuition, particularly for bid E, for which a higher-than-

predicted unit price and longer-than-predicted lead time

still yield a lower-than-predicted total cost. The reasons

for this result will be discussed in Chapter IV.

E. ALGORITHM FOR CALCULATING THE ISOCOST (C,L) REFERENCE
CURVE

(1) Compute Q, R, and TVC using the UICP model and the
historical C and L values.

(2) Add the associated purchase cost value (C'4"D) to
the TVC to obtain TC.

(3) Select a new L. -

(4) Calculate the new Z.

(5) Calculate the new PPV.

(6) Calculate the new EBO, which yields P out and B.

(7) Holding TC constant, substitute the new L and B
values into the TC equation and solve for C, using:

TC - A-4-D E X-B
C =Q S

4"D + I(R + - LD + B)
2

(8) Repeat steps 3 through 7.

36
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F. AN EXAMPLE CALCULATION

To illustrate how the isocost unit price and lead time

pairs are determined, consider a category A item with the

following characteristics where C and L are based on previous

procurements: -

C = $100 A $380

D = 8 units MAD = 2.5 units
D

L = 7.5 qtrs. MADL = 2.25 qtrs.

S =I E = .5

I = .23 A $1,500

The UICP model determines the following:

A A

Q = 33 units R= 93 units

P = .0298 EBO = .9271 units
out

B = .015 units PPV = 582.27 units

which result in the following expected annual costs:

Order cost = $368

Holding cost = $1,139

Backorder cost = $11

Total variable cost $1,518

Purchase cost $3,200

Total annual cost = $4,718

Assuming a new lead time of 10.5 quarters, the cost

factors directly affected by lead time must first be

recalculated:

Z = D'L = 8(10.5) = 84 units
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2 2 2PPV = L(I.5 7 "MADD ) + D (1.57"MAD )
2 2 2

10.5(1.57-2.5 ) + 8 (1.57-2.25 2

= 611.71 unitsR 21 l R  + 1
EBO = V/- R + PP -+PPvPPV +,

R p + } Q Z R +Q - Z] - I R1 vZ Z
PP/ Ip (/ PPv I [ -P v

112i.j{'~Mt -84 112 + 33 841
= / 11. 1 V 611 .71 ¢' 611 .71+

112 +33 - 84JV 112 +33 - 84)/ 611 .71 / 611 . 71-

1 1 -84 1 12 - 84)v' 6 1 1 .71 V 611 .71

= 5. 56 units

EBO 5.56
out Q 33 1685

B = - ( .168) - 468 units

Simple rearrangement and grouping of terms in the TC

equation results in the following equation for C:

TC- A-4.D _ E.X.B
Q S

c "
S 4.D + I(R + Q - L D + B)

2

4718- 368 - (.5)(1500 -I
32 + .23(93 + 33 - 51.)8 + .468)

2

= !i 3.30.
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The expected total cost terms are now calculated to be:

Order cost = $368

Holding cost = S629

Backorder cost = $351 I
Total variable cost = $1,348

Purchase cost = $3,370

for a total cost of $4,718 as before.

The longer lead time has decreased t:he total variable

cost by eating down the on-hand inventory and thus reducing

expected holding costs to a greater extent than the concur-

rent increase in the expected number of backorders has

increased expected shortage costs. On the other hand, the

higher unit price has increased the purchase cost as well as

moderating the reduction in expected holding costs resulting

from the longer lead time. As intended, the total expected

costs remain the same.

G. ALTERNATIVES FOR BID EVALUATION

The total cost resulting from the unit price and lead

time of each bid represented by the points in Figure 5

could be calculated and then compared on a direct dollar

basis using the same mathematical approach. To do so would

require the use of a computer by procurement personnel rather

than just a ruler and pencil as would be the case if standard

graphs such as Figure 7 were developed for stocked items.

Chapter IV will examine the applicability of a given set ot
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used in setting R is that of the last procurement action
-1

rather than an exponentially smoothed or other averaged value

from prior procurement actions. For the example item, the

model would set R at 112 units (an increase of 19 units) and

the resulting expected total cost would become $4,741 (an

increase of $23). During the next procurement action the

procurement section would attempt to contract for an even

longer lead time to again reduce the average on-hand inven-

tory (and thus total cost), and the UICP model will
A

subsequently further increase R as this longer lead time

enters the forecast. If the item remains stocked in the

system long enough and this cycle of increased L and R con-

tinues, the long term result will probably be higher total

costs than would have resulted if the lead time had never

been adjusted to lower short term costs. These progressive

increases in lead time, reorder level, and expected total

cost are illustrated in Figure 14.

2. Fixed Q, Variable R

A possible method of breaking this cycle of escala-

tion lies in expanding the current practice of adjusting the

forecasted value of L at the time the procurement is signed to

include immediately recalculating R as well. A vendor bid

This is the current practice used by SPCC to compensate
for shortcomings in the model's responsiveness to manufac-
turer delivery lead times which vary significantly from
forecasted values.
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D. RECOMPUTATION OF Q and R

1. Fixed Q and R

In the current UICP model and R are fixed for the

current procurement action, and to a considerable extent for

the next several procurement actions as well. The procure-

ment contract lead time is added to the UICP data base, but

an exponential smoothing method is applied in forecasting the

lead time value used in determining R. Thus R does not

change significantly as the result of the lead time associat-

ed with any one procurement action. SPCC's data base

containing the unit price value used in computing Q is only

updated annually and thus Q would not be expected to change

for at least six months. Manual overrides to this practice

are possible of course, but the percentage of stocked items - -

to which overrides can be applied is limited because of the

large quantity of line items managed.

This does not mean that the model will not react to

the longer lead times and increased stockouts incurred in

the effort to reduce total costs. R is not fixed in the

long run. It will be adjusted by the UICP model to raise

safety stock levels to compensate for the longer lead time;

that will cause an increase in total costs. For example,

suppose that a 30% longer lead time was contracted for and

actually met by the vendor, and that unit price was the same

as the forecasted value. To permit the effects of this

change to be seen more rapidly, it is assumed that the L
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declines more quickly for less expensive items as lead time

becomes more than 25% greater than forecasted. The abrupt

endings of some of the isocost curves are a consequence of a

minimum constraint of zero placed on average inventory on-

hand in the thesis computer program to prevent the model from

generating a perpetual backorder solution. Once the average

on-hand quantity reaches the zero constraint holding costs

cannot be further reduced and thus total costs must rise with --

the increased stockout costs associated with any further "

increase in lead time. Since an isocost solution is not

possible past that point the curve terminates.

Figure 12 shows that the shape of the isocost curve

is relatively insensitive to differences in MADD.

Figure 13 shows the considerably greater impact of

differences in MAD on the curve shape. The lower the MADL,
LL

the faster the curve peaks after the forecasted L is passed,

and the smaller the range in unit price that can produce the

same total cost over the range of lead times considered.

Each figure has shown in isolation the impact of each

of an item's characteristics. The combined impact of differ-

ences in the characteristics among items is likely to be

considerably more complex, and should be studied further

before the range of items that may be evaluated by one bid

comparison graph can be accurately determined.

49

.........



Sensitivity of the Isocost Curve to Forecasted C

(D

0

Ho 1
w

U

0-
H

D LEGEND
C=800

C=80O

Q=25

25 50 75 100 125 150 175

LEAD TIME (% OF PPEDCTED L)
Figure 11

48



Sensitivity of the Isocost Curve to Forecasted D

0

0-

z
U

o LEGEND

PREDICTEDD
D-50%____

25 50 7 0 2 5 7
LEAD TIME (OF PREDICTED L)

Figure 10

47



Sensitivity of the Isocost Curve to Forecasted L

0-

0
0-

z

i

U

Fy -

L+50%__
PREDICTEDL
L-50%____

25 50 75 100 2 107

LEAD TMI E (70 CF L~~ )

46



the 1H category maximum values allowed. Therefore, a further

constraint ..on Pout should probably be imposed if the CNO goal

of 85% SMA is to be met by the new model.

C. APPLICABILITY OF AN ISOCOST CURVE TO MULTIPLE ITEMS

The percentage units on the axes of Figure 7 permit it

to be used in determining the least cost bid for items with

differing predicted lead times, unit prices, and total costs

as long as the differences in these and other item character-

istics are not so great as to change the shape of those

isocost curves. However, Figure 9 shows that the shape of

the reference isocost curve is quite sensitive to differ-

ences in forecasted lead time betweer i .ns as L changes

for any given item. As forecasted L increases, the maximum

point of the curve shifts further to the right and the curve

flattens out. The height (C value) of the maximim point

declines somewhat as well.

Figure 10 shows the similar but less pronounced impact

on the isocost curve's shape produced by differences in the

average quarterly demand rate among items.

The effect of an item's unit price on the shape of the

bid reference curve is depicted in Figure 11. The curve

fIn Figures 9 through 13 only the specified item
characteristic varies between the items used to generate the
curves. For Figure 9 , for example, this means that D, C,
MAD D and MAD are the same for all 3 items.
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where

W - Requisition frequency

RE - Requisition effectiveness

DEBO) ')

=100 1 - 4F

At the UICP "optimum" solution, the associated value of SMA

is computed to be:

4 328SMA = 00 1 33 .49271)(8 1

- 88.8%

At the minimum point of the TC curve in Figure 1, where L

equals 130%,

100 4*32
SMA = - (3.841)

32

= 53.4%

Since TC at the minimum point is equal to $4,466, a $252

savings in expected annual total cost for the item has come

at the expense of a 35.4% drop in SMA.

The value of the P is 0.1164 when L is equal to 130%
out

of the forecasted L. This value is considerably under any of
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zero, while the already large holding costs rapidly increase

due to the higher average on-hand stock quantities.

B. EFFECT OF LONGER LEAD TIMES ON P AND SMA
OUT

Figure 8 shows that the reduction in total cost produced

by lengthening procurement lead time for an item (when Q and

R are fixed) is accompanied by an exponential increase in

P Most items examined showed similar reductions in totalout*

costs at longer lead times until the value of P out reached,

or in some cases considerably exceeded, the maximum P
out

permitted by the UICP model for that item's category. This

indicates that even if the UICP constraint is used in select-

ing the lowest cost bid (C,L) combination, it can be expected

that the average P for all items in each category will
out

approach the maximum value allowed. This overall increase

in P means that a substantial drop in SMA will occur.

out

Using the CARES computation for SMA in Reference 7 - the

number of requisitions satisfied immediately divided by the

number of requisitions received for the item - the SMA for

the example item would be computed using the following

formula:

For one item,

W'RE
SMA = = RE

W
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IV. DISCUSSION

A. LOCATION OF THE MINIMUM TOTAL COST POINT

The minimum total cost for the item examined occurred at

a lead time longer than that forecasted at the time the order

quantity and reorder level were computed. The risk of stock-

out, or P increased with the lead time, but at the minimum

cost point it was still below the maximum value allowed by

the UICP model for the item category. The reason for the

longer lead times producing lower total costs can be seen in

Figure 1. The P used in calculating Q and R is so small
out

(.0298) that the backorder cost term is of very little

significance in the UICP's "optimum" total cost ($11 out of

$4,718). The bulk of the TC (aside from the constant

purchase cost) consists of the holding cost.

The high holding cost immediately and rapidly decieases

from its $1,139 "optimum" value as lead time, and thus the

expected lead time demand quantity, increases. On the other

hand, it isn't until the lead time approaches a 25% increase

over the forecasted value that the increased backorder cost

term becomes large enough to counteract the holding cost's

decline and cause the total costs to level off and then rise.

The reverse effect is seen for lead times shorter than

the predicted length. The backorder cost offers little

in the way of savings as the expected backorders drop towards

41
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isocost curves for the comparison of vendor bids for items

whose demand rate, forecasted lead time, or other character-

- . istics vary from those of the example item.
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could now be evaluated on the basis of the total costs

associa'fed with the R that would be set by that bid's lead

time, not the R in use at the time the bid was received as in

Chapter III. If this procedure were used the optimum bid

lead time for any unit price would be the shortest offered
A

rather than the longest. The UICP model would reduce R as

less safety stock would be needed to obtain the same protec-

tion. The holding costs would decline due to the lower

average on-hand inventory as would the total cost. This

effect is shown in Figure 15, which assumes that C is fixed

(and therefore that Q is fixed) and that the lowest bid L is

30% below the forecast.

The reduction in total costs associated with shorter

lead times is even more pronounced if MAD L is also recalcu-

lated on the basis of the bid lead time using the SPCC power

rule method of forecasting MAD's.

3. Variable Q and R

Since the unit price submitted by the vendor in each

bid is the principal criterion for bid comparison in the

present system, it seems logical to use the bid C to adjust

Q when evaluating total costs associated with the bid, as

with L and R. Figure 16 depicts the costs associated with

bid (C,L) points when the and used in the TC computation

are those determined by the bid (C,L). A lower unit price is

still associated with a lower total cost, as it was with
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the fixed Q and R for that same item in Figure 3. MADL was

permitted to vary with L in Figure 16, using the power rule

method of computation. If MAD L is held constant at 2.5L
quarters, a point is quickly reached past which R ceases to

decline significantly as L shortens because safety stocks

are now being held for protection against the increasing

percentage of uncertainty in the expected lead time value.
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V. SUMMARY AND CONCLUSIONS

A. SUMMARY

Chapter II presented a brief overview of the purpose and

underlying assumptions of SPCC's UICP wholesale consumable

procurement model. The model's total variable cost equation

and its optimization method were presented, and it was shown

that the model determines the optimum order quantity and

reorder level for an item based on that item's forecasted

procurement lead time and unit price, along with other fac-

tors such as the item's demand rate. Finally, the limita-

tions of minimizing only average annual variable costs

without considering the effects of the annual purchase cost

and the control over lead time and price in a competitive

bidding environment were discussed.

Chapter III developed a total cost modification of the

UICP model by adding the purchase cost term to the UICP's

TVC equation. A change in the decision variables from Q

and R to C and L was explained, and the effect of differences

in C and L from their forecasted values on the various terms

of the total cost equa.tion was demonstrated graphically.

The algorithm for determining all of the C and L combinations

which would yield the same expected average annual total cost

for an item was presented.
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Finally, a methodology was developed from that algorithm

which could be used to determine the lowest cost bid on the

basis of comparing bid C and L values.

Chapter IV discussed this methodology and the reason why

the average annual total costs could be reduced by changes in

procurement lead time as part of the competitive bidding

process. It was shown that if the order quantity and reorder

level of the item are fixed then a cost savings can be obtain-

ed through reduction in average stock on-hand by making lead

times longer than the forecasted length. It was found that

those savings with fixed Q and R came at the expense of .

greatly reduced SMA. The shape of the isocost reference

curve developed to analyze total costs associated with bid

(C,L) points was found to be highly sensitive to variations

in the item's demand rate, unit price, forecasted lead time,

and MAD It was also shown that if the reorder level was

reset immediately upon awarding the new contract, using only

that contracted lead time, then total cost would be reduced

by using lead times shorter than forecasted.

B. CONCLUSIONS

Total inventory costs can be reduced through modification

of the UICP model and the procurement process to include

lead time as well as unit price in selecting the winning bid

for stock replinishment contracts. The methodology developed

in Chapter III does not appear to be the best way to
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determine the total costs associated with each vendor bid,

however. The short term savings produced by temporarily

reduced safety stocks will eventually be more than compen-

sated for by higher safety stocks and costs in the future.

Additionally the reduced SMA, although not quantifiable in

dollar terms, seems likely to outweigh the benefits that

might be obtained from the a~ternative use of funds freed

from safety stock investment.

Evaluating vendor bids on the basis of minimizing total

costs by finding the optimal Q and R for each bid's C and L

pair appears to be a promising methodology which should be the

subject of further research. The principal improvement from

using those Q and R values, rather than keeping Q and R values

fixed when the procurement action was initiated, will be due

to the role of L in determining R. The difference in optimum

Q for each bid is likely to be insignificant as Q varies only

with the square root of C. The principal differences in the

TC resulting from each bid's Ccan thus be expected to occur

in the purchase cost term where the impact of C is linear.

On the other hand, differences in L between bids can be

expected to have a greater impact on R, and thus the variable

cost portion of TC, than with C and Q. The impact of lead

time will be increased over that shown in the thesis model if

MAD does in fact vary with L as assumed by the forecasting
L

power rule. Since the size of the safety stock portion of R

is directly related to the magnitude of MAD for any given L,
L
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a shorter bid L will reduce both the average lead time demand

and safety stock portions of R.

This method makes intuitive sense as a faster delivery

justifies a premium price, as opposed to the lower prices

(purchase costs) required to offset the increased variable

costs associated with shorter lead times in the fixed Q and R

bid comparison method. The variable Q and R method should

also offer lower total costs without increasing Pout and

lowering SMA.

The behavior of total cost when lead time and unit price

are used as decision variables needs to be more rigorously

defined and quantified. The impact on the magnitude and

frequency of level revisions resulting from using the most

recent value experienced for a variable instead of exponen-

tial smoothing for forecasting when managing a large

population of items should also be investigated.

Finally, if further research indicates that total cost

savings are theoretically possible, a trial program should be

conducted by the ICP procurement section for a sample group

of items. The additional workload (and possible increase in

administrative ordering costs) that might result from the

more complex bid process should be determined. The ability

of vendors to estimate their own price and production time

relationship in submitting bids, as well as their acceptance

of the modified bid evaluation process, will be critical to

7-"
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the realization of the theoretical savings and must therefore

also be determined.
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